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Laser ablation (LA) is a unique technique to transform a
solid sample into vapor-phase constituents, which then
can be chemically analyzed by atomic spectroscopy.
Ablation brings many exciting capabilities to the field
of chemical analysis, primarily because of the laser-beam
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properties. The ability to analyze directly any solid sample
without sample preparation and minimal sample-quantity
requirements are just some of the unique capabilities.
This article discusses current issues related to using LA
in atomic spectroscopy. A general introduction to LA
sampling is presented along with a comparison with
other solid sampling techniques. The critical issues for
all analytical techniques are calibration, accuracy, and
sensitivity. Techniques that have been demonstrated to
address these analytical characteristics and define these
parameters for LA are investigated in detail. Finally, many
unique applications are described, ranging from dating
geological materials to providing crime-scene evidence.
Most of these applications could not be performed without
the use of a laser beam. The inductively coupled plasma
(ICP) will be emphasized in this article because it is
currently the most prevalent excitation and ionization
source for chemical analysis using LA.

1 INTRODUCTION

Want to know the composition of an unknown solid
sample? Don’t want to deal with acids, wastes, and
laborious procedures to conduct the analysis? What is
the best way to transform the unknown solid sample
into vapor-phase constituents for chemical analysis? The
answer: explode the sample with a high-power laser beam!
This is precisely the role of LA in atomic spectroscopy.
Complex solid samples, including environmental wastes,
geochemical materials, coatings, extraterrestrial samples,
and others dictate the development of a sampling
approach for chemical analysis that does not rely on
complicated, laborious dissolution procedures; a direct
approach for analyzing unknown samples has been a
quest of analytical chemistry for a long time. In some
cases, the desire is to analyze a sample chemically without
destruction, especially if that sample is the Shroud of
Turin! These are some of the characteristics that make
ablation sampling attractive for atomic spectroscopy.
This article will discuss current issues related to
LA in atomic spectroscopy, including calibration and
optimization, accuracy, sensitivity, and particle transport.
In addition, many unique applications will be described, in
some cases applications that cannot be performed without
the use of a laser. The ICP is emphasized in this article
because it is the most prevalent excitation and ionization
source for chemical analysis using LA at this time.

1.1 Characteristics of Laser Ablation

One of the most unique characteristics of LA is that
any solid sample can be directly ablated into vapor-
phase constituents (vapor and particles), be it a rock,
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hair sample, extraterrestrial sample, or priceless piece
of artwork. Only a very small portion of the sample
is required for the analysis — sometimes of the order of
picograms or less. Damage at these levels is generally not
visible without the use of a microscope. In addition, there
is no requirement for sample preparation; the laser beam
can be used to ablate the surface contamination, as well
as dig a crater and provide bulk analysis.

Because the laser beam directly converts the solid
sample into the vapor phase, liquid reagents are not
required to digest the sample. Therefore, there is no
solution waste, no worries about loss of volatile species,
and minimal sample handling. In addition, when liquid
sample introduction is used, a larger portion of the sample
is required because of dilution. Another significant and
unique advantage of LA is the ability to perform spatial
(micrometer) characterization. Since the laser beam can
be guided to an exact location on a surface, the analyst
can choose where the explosion and, therefore, the
sampling occur. If the sample of interest is the microscopic
inclusions in a bulk material, or particles on a filter paper,
it is not necessary to analyze the entire sample; most of
the mass in this case is not related and leads to large
background signals in the analytical source. Finally, if
one wants the analysis performed immediately, LA is
the way to go —there are no time-consuming sample
preparation or dissolution procedures; just place the
sample in a simple chamber and hit it with the laser
beam. With capabilities and advantages such as these,
LA atomic spectroscopy is now utilized routinely in many
industries, using commercially available and laboratory-
built systems.

1.2 Solid Sampling Techniques: Comparison

The development of any “new’ technique for elemental
analysis requires parameters such as sampling, excitation,
ionization, and detection to be critically investigated and
optimized. An “‘ideal” sample introduction technique has
to satisfy certain criteria, which include:

remove a sufficient quantity of sample;
reproducible sampling;
minimal interference on the performance of the
detection system;

e sampled material must be representative of the bulk
composition (stoichiometry);

e absence of matrix effects (no variation of analyte
signal in different matrices);

e sample transport to the excitation or ionization source
without losses;
absence of memory effects and sample carryover;
adjustment of sampling parameters to satisfy detec-
tion requirements.

List of general abbreviations appears on back endpapers
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Among the most popular direct solid sampling methods
are LA, glow discharge (GD), and spark/arc ablation.
Direct analysis of solids with GD sources has been
used with both atomic emission and mass spectrometric
detection. GD converts a solid sample directly into the
atomic phase by sputtering processes. Because sputtering
is a primary sampling mechanism, heating is minimal and
preferential vaporization is minimized. GD is best suited
for conductive samples, although nonconductive samples
can be analyzed with a radiofrequency discharge. A GD
source coupled to a high-resolution mass spectrometer
is a powerful technique for achieving excellent depth
profiling and detection characteristics with a limit of
detection (LOD) in the range 10-100ng g~!.

For arc/spark ablation, mass is eroded from the sample
in the form of atoms, molecules, vapor, droplets, solid
flakes, and large particles. Normally, only conductive
samples can be used with a spark discharge; however,
nonconductive materials can be analyzed by mixing the
sample with a conductive matrix.

Because of unique benefits and capabilities for direct
solid sampling, LA has outpaced development of these
other techniques. Laser sampling has been employed
with flame and graphite furnace atomic absorption
spectroscopy, with typical LODs in the micrograms per
gram range. A description of these methods can be found
in a review by Darke and Tyson.!) The direct current
plasma (DCP) and microwave-induced plasma (MIP)
have been used for the analysis of solid samples with LA
sampling.>* The DCP and MIP offer good detection
limits in the micrograms per gram range, with linear
calibration curves over several orders of magnitude of
concentration.

The ICP has become the prevalent source for chemical
analysis with LA sampling. The ICP plasma is robust,
with high temperature and electron number densities, and
is in most cases unperturbed by small amounts of sample.
A separate article (Inductively Coupled Plasma/Optical
Emission Spectrometry) is dedicated to the ICP. Slurry
nebulization of powders, electrothermal vaporization
(ETV), direct sample insertion (DSI), spark/arc and
LA techniques are among the most popular methods
investigated for solid sampling into the ICP. Each of
these techniques has unique features: sensitive analysis
of powders (slurry nebulization, ETV); analysis of small
volumes of solids and liquids with selective solvent or
matrix removal (ETV); direct sampling and atomization
in the ICP plasma (DSI); analysis of conductive samples
(spark ablation); and analysis of any sample (LA). A
comparison of slurry nebulization, ETV, and LA methods
was reviewed by Darke and Tyson.® DSI for ICP was
recently reviewed by Sing.©
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2 FUNDAMENTAL CHARACTERISTICS

Because of the numerous capabilities and advantages for
atomic spectroscopy, there is a tremendous demand to
understand fundamental LA processes. LA is complex,
consisting collectively of many nonlinear mechanisms,
each operative on different timescales, from femtosec-
onds to seconds. When the laser beam irradiates the
surface, electrons will be released on the femtosecond to
picosecond timescales, followed by atomic and molecular
mass on the nanosecond timescale, and then the eruption
of large particles, microseconds after the laser pulse has
ceased (Figure la—c). With different processes occurring
over so many orders of magnitude in time, it is no won-
der the collective phenomena have never been combined
into a unifying theory. However, it is critical to point out
before discussing fundamental issues that LA sampling is
easier than liquid nebulization. In fact, there have been
many years of science devoted to proper dissolution pro-
cedures in order to achieve accurate analysis —and still
one must be very careful when dissolving a sample that
is truly ‘unknown’. The underlying fundamentals of LA
should not preclude its development as the method of
choice for direct solid sampling in atomic spectroscopy.

Studying fundamental LA mechanisms will provide fur-
ther improvements and benefits for atomic spectroscopy.
By understanding ablation, it will be possible to control
process variables, such as the ability to couple the laser
beam efficiently into the sample, ablate a reproducible
quantity of mass, control the amount of mass ablated,
minimize preferential ablation, produce stoichiometric
ablation, and control the particle size distribution. By
controlling these variables, LA in atomic spectroscopy
will become a routine chemical analysis technology for
environmental, health, forensics, nonproliferation, and
other applications where the primary sample is in the
solid phase.

2.1 Ablation Processes

Many studies have been dedicated to understanding
fundamental ablation mechanisms. Research studies have
shown that LA of a solid sample consists of several
stages, in which different kinds of ‘vapor products’ are
ejected. The initial stage is electronic excitation inside
the solid, accompanied by ejection of electrons at the
sample surface, due to both photoelectric and thermionic
emission. During this time, energetic electrons in the bulk
of the solid also transfer energy to the lattice through
a variety of scattering mechanisms; the sample target
then undergoes melting and vaporization, followed by
ionization and formation of a plasma plume consisting of
the sample constituents. The expanding plume interacts
with the surrounding gas to form a shock wave, causing

(b) . 3ns

(c) - 3us

Figure 1 LA involves complex and collective phenomenon,
exhibiting significant nonlinearity in space and time. The images
show the evolution of the laser explosion from a solid surface.
(a) At 30ps after the laser hits the sample, electrons leave the
surface and collide with air to form the plasma; (b) at 3ns,
atomic vapor escapes from the surface; and (c) at 3 ps, large
(>20 pm) particles are spalled from the bulk.

the ambient gas to become further ionized. The expanding
high-pressure plasma exerts a force back to the target,
which flushes out the melted volume. This recoil pressure
and flushing mechanism can produce large-sized particles
(several micrometers). There is evidence of explosive
boiling, occurring microseconds after the laser is finished,
which also can produce micrometer-sized particles.
Atomic- and micrometer-sized particles will both be
transported to and digested in the ICP. Therefore, it
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is important to understand mechanisms of atomic- and
micrometer-sized particle generation; particles in each of
these size ranges can have different chemistries, affecting
analytical accuracy. The particle size distribution will
also affect transport efficiency and therefore analytical
sensitivity.

To achieve accurate LA sampling, the composition
of the ablated mass should be the same as the sample
composition. To achieve high sensitivity, all of the ablated
mass should be transported to and digested in the
ICP. There are four primary processes that influence
the accuracy and sensitivity in laser ablation/inductively
coupled plasma (LA/ICP). The first is the LA process
itself. For different laser conditions, the composition and
quantity of the ablated mass can change significantly.
The particle size distribution and particle composition
can also change with laser conditions. The second process
is transport, which includes the sample chamber design
and tubing used to carry the ablated mass to the ICP.
Transport efficiency will be different for different sized
particles. The third process is sample digestion and
excitation in the ICP. The conditions in the ICP (electron
temperature and number density) which are controlled by
ICP power, gas flow rate, and height above the load coil
will influence vaporization, atomization, and ionization
of the analyte. However, the amount and composition of
the analyte and the matrix can change the ICP conditions
(Figure 2). The fourth process includes detection, using
the mass spectrometer for inductively coupled plasma
mass spectrometry (ICPMS) or the spectrometer and
photon detector for inductively coupled plasma atomic
emission spectroscopy (ICPAES). These processes are
discussed separately below as to their influence on
accuracy and sensitivity.
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Figure 2 Percentage ratio change of Zn ionic to atomic
emission lines in the ICP versus amount of matrix. The ratio of
ionic to atomic line intensity correlates to the ICP conditions.
LiF, CaF, and MgO were the matrices.
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2.2 Processes Affecting Accuracy

An expectation of any analytical procedure is accurate
analysis; the detected mass composition must be the
same as the sample composition. For LA sampling,
fractionation (preferential mass removal during LA),
which can cause inaccurate analysis, can occur under
some conditions. Numerous studies have shown that
fractionation can be minimized or eliminated, depending
on the sample and laser properties.’~!3 The distribution
of elements in the matrix, their status (inclusions),
and zone migration will influence fractionation.1!1?
Fractionation at the sample is a function of wavelength;
ultraviolet (UV) LA has been found to provide better
stoichiometry than infrared (IR) LA.14-1® The number
of laser pulses at a fixed location on the sample, the laser
irradiance, and laser beam spot size (related to focus
position) also influence fractionation (Figure 3).13:16:17)
For fundamental purposes to describe fractionation at the
sample, attempts have been made to correlate ablation
behavior with melting, boiling, vapor pressure, atomic or
ionic radius, charge, and speciation.!-1>18)

The mechanism for atomic mass ejection can be thermal
vaporization and/or plasma sputtering. The sputtering
process involves the high-temperature, high-pressure
plasma colliding with the sample surface. The ablation
rate in these two processes will depend on the bond
energy; the stronger the bond, the less mass is removed.
Fractionation on the nanosecond timescale can be related
to thermal properties of the sample constituents. Fraction-
ation in alloys depends on the latent heat of vaporization;
the higher the latent heat, the more difficult it is to
vaporize a constituent. For example, in brass, the latent
heat of vaporization of Cu is greater than that of Zn;!?
Zn can be preferentially ablated compared with Cu in
these samples. By using a calibrated ICPAES instrument,
fractionation based on thermal vaporization was demon-
strated by measuring Zn/Cu mole ratios during ablation of
brass. With a 30-ns, 248-nm excimer laser, the Zn/Cu mole
ratio initially decreased with increasing laser irradiance,
then stabilized at irradiance greater than approximately
0.3 GW cm~2. The initial decreasing Zn/Cu ratio was due
to thermal vaporization.! For higher laser irradiance,
there are likely several competing mechanisms involved
in the ablation processes. Melt flushing from the crater,
plasma shielding, and/or radiative heating by the laser-
induced plasma can contribute to mass ejection.-10:19:20)
Picosecond LA is even more esoteric; nonthermal mecha-
nisms must be operative. Using a 35-ps pulse (Nd: YAG,
Nd3t:Y3Al501,) laser, some type of nonthermal mech-
anism appears to govern the LA process because Cu is
enriched in the vapor at lower irradiance. The Zn/Cu
ratio approaches the stoichiometric value at higher irra-
diance. These experiments demonstrate that different
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Figure 3 Pb—U fractionation versus number of laser pulses
and lens-to-sample focal position (a) three-dimensional plot;
(b) contour plot. Neodymium:yttrium aluminum garnet
(Nd: YAG) laser, » = 213 nm; pulse duration = 6 ns; energy =
1.15mJ; sample: NIST SRM 610 glass in which the 2%°Pb/28U
stoichiometric ratio is 0.2249. The positive and negative values
represent the laser focus above and below the sample surface,
respectively.

mechanisms contribute to fractionation, although identi-
fication of the mechanisms is still a large research effort.

Fractionation during transport and/or in the ICP
can occur.!?? Fractionation during transport involves
selective vapor condensation on the tubing walls or
the selective nucleation of species on different-sized
particles.!? These effects are governed by the vapor-
phase morphology (droplet/particle shape and size)
and chemical composition. Because transport efficiency
and chemical composition are particle size dependent,
fractionation can occur during transport. Figg et al.??
demonstrated this effect by inserting a coiled Tygon tube
into the transport path; both particle size distribution
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and fractionation changed significantly. It is believed that
many of the large particles come from flushing out the
molten liquid layer. The composition of the molten liquid
could be significantly different from the bulk because
of preferential vaporization and re-deposition from the
plasma plume. For “large” particles entering the ICP
and undergoing sublimation (vaporization), fractionation
may exist in the ICP itself.?!22) It is important to state
here that fractionation is not a problem that precludes
the use of LA for accurate chemical analysis, especially
when matrix-matched standards exist. This section was
designed to make the reader aware that such issues can
exist. There are many applications of LA, as will be
discussed in a later section, in which fractionation does
not influence the analysis.

2.3 Processes Affecting Sensitivity

The signal intensity in atomic emission spectroscopy
(AES) or mass spectrometry (MS) corresponds directly
to the quantity of mass ablated and transported to the
ICP. Depending on the concentration of the elements
in the sample, it may be necessary to increase the
quantity of ablated sample to achieve better signal-to-
noise ratios. Laser-beam properties (such as wavelength,
pulse duration, energy, fluence, irradiance, and temporal
and spatial profiles) and the ambient gas influence the
quantity of mass ablated per laser pulse,7-15:16.21,23-33)

2.3.1 Laser Energy

The ablated mass can be increased by increasing the
laser-beam energy or fluence (energy per unit area).
However, the relationship of ablated mass to laser-beam
energy or irradiance is not linear;”:181%3% mass was
found to follow a power law with irradiance (1"*).18:19:3%)
Using nanosecond laser pulses, with irradiance less than
approximately 0.3 GW cm™~2, m had values ranging from
2 to 5 for many samples. When the irradiance was
>0.3 GW cm 2, m became <1. However, as the irradiance
was increased further, another change in the mass ablation
rate occurred, in which m increased to >2. In the lower
irradiance region, thermal vaporization was found to be
a dominant process,'® as evidenced also by fractionation
(discussed earlier). In the middle laser irradiance range,
plasma shielding may be a major factor governing
ablation. The laser-induced plasma formed above the
target surface can absorb and/or reflect incident laser
energy, thereby decreasing the efficiency of laser energy
available for mass ablation.®> A plasma can transmit just
enough energy to the surface to sustain itself. The density
and temperature of the plasma can adjust in such a manner
that the optical thickness remains constant; the final
proportion of the laser energy absorbed and transmitted is

For references see page eee
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constant. It is important to point out that this plasma is the
basis of another chemical analysis technique, discussed in
the article Laser-induced Breakdown Spectroscopy.

In the third irradiance region, mechanisms such
as phase explosion and spallation may be dominant.
Both crater depth and ICPMS intensity (Figure 4a—c)
show dramatic increases at a threshold irradiance of
20-30 GW cm~2. This dramatic change may be caused by
explosive boiling.*® The superheated molten liquid can
experience an increased fluctuation in its density®” when
the temperature and pressure approach the critical point.
Near the critical point, this fluctuation can generate vapor
bubbles in the superheated liquid. For vapor bubbles
larger than a critical radius, bubble growth will occur;
bubbles smaller than the critical radius will collapse.®”)
Once bubbles of a critical radius have been generated
in the superheated liquid, the volume undergoes a

SECTION TITLE WILL APPEAR HERE

rapid transition into a mixture of vapor and liquid
droplets. During explosive boiling, rapid expansion of
the high-pressure bubbles in the liquid leads to a violent
ejection of the molten droplets from the sample. The
shadowgraph images of liquid droplets ejected from the
silicon surface (see Figure 1a—c) indicate that the onset of
the explosive boiling is at an irradiance of approximately
22 x 10" Wem=2.

2.3.2 Laser Pulse Width

Laser wavelength and pulse duration also influence
the quantity of ablated mass; the shorter the wave-
length and pulse duration, the better the mass removal
efficiency.(15-16.23-26.28-30.38.39) [Jsing an Nd:YAG laser
with a 3-ns pulse duration, the ICPAES intensity was
found to be almost an order of magnitude greater for UV
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Figure 4 Crater profiles (a) before and (b) after an explosive boiling threshold. The crater depth changes dramatically from 1 pm
to more than 10 pm. (c) ICPMS signal versus laser power density. The ICPMS intensity increases dramatically across the threshold.
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than IR ablation sampling, with the same fluence. The
absolute enhancement was found to be a function of laser
irradiance.®® When plasma shielding does exist, a lower
wavelength is better because there is less absorption by
the plasma; more energy is used to remove mass instead
of heating the plasma. The shorter the laser pulse dura-
tion, the more efficient is the ablation process; picosecond
laser pulses provided an order of magnitude greater signal
intensity in [CPAES compared with a nanosecond pulsed
laser with the same fluence. An explanation for increased
mass ablation using picosecond pulses is that plasma
shielding may be weaker; more laser energy is coupled
to the sample than is absorbed by the plasma. Another
possible mechanism is that more laser energy is con-
verted to ablated mass instead of being lost in the sample
through thermal dissipation, which is a function of pulse
duration.“” If the pulse duration is femtoseconds, the
ablation process should be even more efficient.?33 For
femtosecond LA, the generation of vapor and a plasma
will occur after the laser pulse is finished. Therefore,
there should be no plasma shielding on the femtosec-
ond timescale. Thermal diffusion to the solid also should
be negligible. Currently, there are no reports of using
femtosecond LA for chemical analysis. However, as fem-
tosecond laser technology becomes more reliable, it is
expected that new benefits to chemical analysis (and
other applications) will be forthcoming.

2.3.3 Gas Environment

The gas atmosphere in the sample chamber can have
a dramatic effect on ablation behavior.:30:31.:34.41.42)
The use of different gases has been found to enhance
sensitivity either by reducing plasma shielding or by
influencing the ablated particle size distribution. With
He in the ablation chamber, the mass ablation rate was
2-5 times and 10 times greater than that with Ar in the
chamber for nanosecond and picosecond laser pulses,
respectively.134¥) He and Ne provided an increased mass
ablation efficiency compared with a decrease with Xe and
Kr, relative to Ar for the nanosecond-pulsed LA. The
enhancement or depression was found to be dependent
on the laser irradiance. For picosecond LA sampling,
only He provided an enhancement; there was very little
influence on the mass ablation behavior by the other
noble gases.

3 ANALYTICAL CHARACTERISTICS

A typical experimental system for LA sampling with the
ICP is shown in Figure 5. In general, mass ablated from
a target surface inside the sample chamber is entrained
into an Ar gas flow and transferred into the ICP source,
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where particles are first vaporized and then atomized and
ionized. In most cases, the sample chamber is placed on a
motorized or manually controlled micrometer translation
stage. This is especially convenient for the analysis of
heterogeneous samples, where different areas on a sample
surface are to be analyzed. The individual components
are described separately below.

3.1 Ablation Chamber and Transport Tubing

Various types of chambers have been described in the
literature; a summary can be found in a review by
Moenke-Blankenburg.“® Typically, the sample is placed
inside a chamber. However, there are cases in which the
sample itself was the bottom of the chamber.*> The
simplest chamber can be a glass tube with two ports
for gas flow, and a quartz window (or other transparent
material at the laser wavelength) for laser beam delivery.
Argon gas flow dynamics inside the chamber play a
significant role in particle entrainment. With laminar
flow in the chamber, entrainment efficiency and thus
detection characteristics are improved; turbulent flow
contributes to losses by trapping particles in stagnant flow
regions.“® The volume of the chamber is an important
parameter; a larger internal volume can lead to sample
dilution and memory effects. Because LA processes
are transient in nature, larger chamber volumes may
be advantageous for signal averaging during repetitive
sampling experiments. Another important parameter is
chamber length; if the laser beam window is located too
close to the sample surface, vapor deposition can occur,
reducing transmission and therefore the laser energy.
Another issue concerning the chamber length is that
different times are required for particles of different sizes
to be entrained by the flow; larger particles will travel
further before becoming entrained.“” Depending on the
flow velocity inside the chamber, large particles can be
lost owing to collisions with the walls before entrainment.

Dispersion of different-sized particles in the ablation
chamber depends on the Ar gas flow velocity in the
chamber and can contribute to broadening of signal
peaks (recorded during single laser pulse experiments).
Further dispersion of ablated particles in the transport
tube can occur and depends on the transfer tube length
and internal diameter. To minimize dispersion, a short,
narrow tube should be used. Although particle dispersion
in the chamber and transport tube may be important for
analysis during single laser pulse experiments, there are
no significant advantages to using a short tube during LA
sampling with repetitive pulses.

3.1.1 Mass Transport Efficiency

For a given ablation chamber/tube configuration, particle
transport efficiency depends on the ablated particle

For references see page eee
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Figure 5 Schematic diagram of LA sampling into an ICP source. CCD, charge-coupled device.

size distribution. The number of particles and their
size distribution depends on the laser and sample
properties.?>474®) The volume distribution of laser-
generated particles changes with respect to the laser
wavelength; there are more large particles generated with
an IR laser than with a UV laser.*® Since melting and
melt-fusing may be responsible for the generation of
particles, a thicker molten layer may produce a greater
fraction of large particles. The optical absorption depth in
most solid samples is greater for IR than UV wavelengths.
Therefore, a larger molten liquid volume may be
responsible for large particle production using IR LA.
Entrainment of ablated mass into the gas stream
and transport to the ICP are particle size dependent.
Large particles may not be entrained and those that are
may not completely vaporize in the ICP. Particle sizes
should be less than about 2 pm for efficient transport to
and excitation in the ICP.4>%*59 Particle entrainment
efficiency can be defined as the ratio of mass entering the
ICP to the total mass ablated from the sample. Particle
entrainment efficiency has been found to decrease with
increasing laser irradiance. Entrainment efficiency was
about 25% at low irradiance and decreased to about

List of general abbreviations appears on back endpapers

5% at high irradiance.*” One possible reason for the
small entrainment efficiency at high irradiance may be
the formation of excessively large particles (>5pm);
large particle ejection is observed in Figure 1(a—c). The
removal of large fractured pieces (>~50pum), possibly
due to increased thermal stress and pressure on the
sample surface, was also observed after ablation at high
irradiances (Figure 6). These very large particles will not
be entrained into the argon gas flow, but instead will
settle in the ablation chamber due to gravity. Transport
efficiency as a function of particle-size distribution needs
to be critically studied for improving LA sampling in
atomic spectroscopy.®>D A few studies have addressed
particle transport, with preliminary data suggesting that
particles in the 0.1-1.0 pm range reach and vaporize in
the ICP.(22:45:48)

Literature values for LA transport efficiency are in
the range of about 5-40%.%>*D The large variation
represents the effects of laser beam conditions, sam-
ple material properties, and ablation chamber/transfer
tube geometries. In general, particle losses in the sample
chamber and transport tube are mainly due to gravita-
tional settling or inertial impact to the walls for large
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Figure 6 Scanning electron microscope image of an ablated
glass surface. A large piece (~50 pm) of the cracked sample was
removed from the ablation spot.

particles, and diffusion to the walls for smaller particles.
These processes depend on the tube length and internal
diameter. Transport efficiency for larger particles, which
represent most of the ablated mass and thus are respon-
sible for most of the ICP signal, can be improved by
utilization of a short, narrow tube. Generally, particles
in the range 0.1-1.0 um are most efficiently transported
to the ICP. For a given tubing length and diameter,
theoretical calculations predict losses to be flow depen-
dent. In practice, however, no significant differences in
the ICPMS signal count rates were observed when the
Ar flow rate was varied from 0.1 to 0.9 Lmin~! during
ablation of Zr metal. Particle losses inside the sample
chamber and transport tube can contribute to memory
effects. To minimize these effects, it is recommended that
the transport tube be cleaned regularly or replaced, and
the system flushed with Ar gas at increased flow rates
between measurements.

3.2 Laser Systems and Optics

Over the years, several pulsed lasers have been tested
for ablation. Ruby (694.3nm), CO; (10.6um), free-
running Nd : YAG and excimer lasers have been shown to
efficiently ablate solid samples.) However, Q-switched
Nd: YAG lasers with nanosecond pulses have become
the most prevalent systems used for LA today. These
lasers are relatively inexpensive, easy to operate, and
compact, have good pulse-to-pulse and long-term stability
characteristics, and deliver sufficient energy for ablation.
The fundamental harmonic of 1064nm can be easily
doubled (532 nm), tripled (355 nm), quadrupled (266 nm),
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and quintupled (213 nm). The Q-switched Nd: YAG laser
operated at the fourth harmonic is currently the most
popular for LA chemical analysis. Recently, it has been
shown that samples with relatively low absorption at
266 nm, such as calcite and garnet, can be more efficiently
ablated with the Nd:YAG at 213nm®? or the ArF
excimer (193nm).53

The laser beam is transferred to the sample chamber
by means of mirrors, beam splitters, and/or prisms. In
the simplest system, focusing is achieved with a plano-
concave singlet lens, which has a low degree of spherical
aberration. Laser beam spot size at a sample surface can
be easily adjusted by translating the lens relative to the
sample. The minimum spot size with radius, w, that can be
achieved by focusing a Gaussian diffraction-limited laser
beam can be approximated by Equation (1):

w i 1)
TWo

where X is the laser wavelength, f is the lens focal
distance, and wy is the initial laser beam radius. By using
a lens with a short focal distance and a wide initial beam
diameter, the smallest LA spots (best spatial resolution)
can be achieved. An optical microscope equipped with
a CCD camera is an excellent addition to experimental
systems, allowing easy focusing of the laser beam on to
a selected sample location, with beam spot sizes in the
order of several micrometers. Such systems are widely
used, especially for the analysis of geological samples
where a high degree of spatial resolution is required.

3.3 Inductively Coupled Plasma Atomic Emission
Spectroscopy and Inductively Coupled Plasma
Mass Spectrometry Instrumentation

In contrast to liquid nebulization sample introduction, LA
sampling is transient in nature. Thus, simultaneous detec-
tion of elements is needed. Single-channel instruments
equipped with a photomultiplier tube (PMT) require
scanning of a monochromator grating. Such systems are
not very useful for transient signal detection when detec-
tion of more than one element is required. Direct-read
polychromators can employ more than 60 exit slits with
PMTs for detection of numerous wavelengths, providing
simultaneous multielement capability. The photodiode
array (PDA) and more recently the charge transfer
device (CTD) used with a conventional Czerny—Turner-
type spectrometer can cover spectral windows of several
tens of nanometers simultaneously. Spectrometers with
Paschen—-Runge polychromators and with échelle grat-
ings, equipped with solid-state detectors, have multiele-
ment capability and provide simultaneous UV and visible
spectral coverage.

For references see page eee
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Most commercially available ICPMS instruments
utilize radiofrequency quadrupole mass analyzers. Al-
though quadrupole mass analyzers typically have a low
resolution capability (c. 0.5 u), their low cost, ease of cou-
pling with an ICP source, and pseudosimultaneous mass
detection make them attractive for elemental analysis
with LA applications. The complete mass range from 1 to
250 u can be scanned in about 0.1 s.

Many LA applications require high-precision isotopic
ratio measurements; high-resolution double-focusing
ICPMS instruments equipped with multicollector array
detectors are well suited for this purpose. ICPMS instru-
ments with time-of-flight (TOF) analyzers were recently
demonstrated with LA sampling.®¥ The TOF approach
allows the collection of several thousand complete mass
spectra per second. Owing to the transient nature of LA,
ICPMS with a TOF analyzer is potentially advantageous
for multielemental determinations, although to date only
limited research has been conducted.

The detection capabilities of LA with ICPAES and
ICPMS techniques depend significantly on the experi-
mental conditions and equipment. ICPMS is typically
used for minor and trace elemental analysis, whereas
ICPAES has lower sensitivity and is primarily used for
the analysis of major and minor constituents. Most geolog-
ical applications, which require a high degree of spatial
resolution for accurate microanalysis of inclusions and
grains in minerals, utilize ICPMS instrumentation.

3.4 Detection Limits

One of the advantages of dry ICP conditions from LA
sample introduction is that plasma excitation/ionization
temperatures and electron number densities are typi-
cally higher than with a wet plasma produced during
liquid nebulization. Dry plasma conditions enhance ion-
ization and excitation processes. This benefit, along with
simplified mass spectra (due to reduction of polyatomic
interferences), provides improved detection character-
istics. Absolute detection limits (absolute detectable
amount of analyte mass) for rare-earth elements in sili-
cate samples were shown to be two orders of magnitude
better for LA ICPMS than liquid nebulization sample
introduction.®> However when relative detection limits
(detectable analyte concentration in a sample) are com-
pared, liquid nebulization sample introduction is better.
This situation only exists because the amount of mass
nebulized into the ICP is much greater than that ablated
by the laser. Assuming a 2% efficiency for conventional
pneumatic nebulizers with a 1 mLmin~! sampling rate,
roughly 20mgmin~' of solution is introduced into the
ICP. In contrast, the amount of ablated mass per laser
pulse is typically only 1 ng—1 pg. Hence for a laser repeti-
tion rate of 10 Hz and a particle transfer efficiency of 40%
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(maximum value reported in the literature), the amount
of mass introduced into the ICP is only from 0.2 pg min~!
to 0.2mgmin~!. Hence the mass per unit time introduced
into the ICP as a result of LA is about 10>2-10° times
less than that from liquid nebulization. Relative detection
limits depend on the amount of mass and are therefore
better for liquid nebulization sample introduction.

Typical detection limits, determined as three times
the standard deviation of the blank, are in the low
micrograms per gram and even nanograms per gram
range for ICPMS detection with LA, in contrast to the
picograms per gram level for liquid nebulization. For
LA sampling with ICPAES, laser energies of 10—100 mJ
are required, compared with only few milli- or even
microjoules for sampling into the ICPMS. Typical LODs
for LA sampling with ICPAES are in the micrograms
per gram range and are comparable to those available
from liquid nebulization sampling with ICPAES. Better
detection limits can be achieved by increasing the amount
of ablated mass per laser pulse, which can be realized by
improvement in the laser energy coupling efficiency to
the sample and/or improvement in entrainment/transport
efficiency. When a sample was ablated inside the ICP
torch, just below the discharge, particle losses associated
with mass entrainment and transport were eliminated,
and a significant improvement in detection characteristics
was achieved.®

3.5 Calibration and Optimization

The signal intensity recorded by ICPAES and ICPMS
during sample introduction (both liquid nebulization and
solid sampling) is proportional to the concentration of an
element of interest in the sample. Absolute measurements
require calibration procedures to be established, which
remains an essential issue for chemical analysis.(!-34457)
For liquid sample introduction, standards are relatively
easy to obtain in the form of single- or multielemental
solutions; linear calibration curves can be generated
over three to six orders of magnitude for ICPAES
and eight orders of magnitude for ICPMS.®” Assuming
similar viscosities for the diluted sample and the standard
solutions, the amount of aerosol aspirated into the ICP is
determined by the nebulizer/spray chamber parameters.
In contrast, during LA the amount of mass ablated and
transported into the ICP may be different for samples and
standards, if the standards are not matrix matched. For
LA, an internal or external standardization procedure
is required to compensate for changes in the quantity
of mass ablated, even when the analyte concentration
remains constant. Matrix-matched solid standards are
generally required for instrument calibration.
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3.5.1 Internal Standardization and Matrix Matching

The ablated mass is determined by the properties of
the matrix, and close matching of calibration standards
to samples is preferred. However, the chemical form in
which the analyte is present in the sample was shown
to influence the elemental response.®® Compensation
for this effect often can be performed by normalization
of analyte intensity to that of another element (internal
standard). This procedure requires that the concentra-
tion of the internal standard, usually the matrix element,
be either known [determined from independent meth-
ods, such as X-ray fluorescence (XRF) spectroscopy] or
be constant in the sample and standards. In most cases,
an internal standard provides excellent compensation for
differences in ablation behavior for samples and stan-
dards. For trace elements in homogeneous samples, this
approach has been used to improve the measurement
precision to better than 1%.1%4%59 Internal standardiza-
tion is especially useful for bulk analysis with samples
and standards pressed into pellets,” fused into glass
beads,* or preconcentrated in an NiS button®” where
the internal standard is added during sample prepara-
tion. A single calibration graph was used for analysis of
silicate rocks and limestones fused with Sc and Y oxides
as internal standards.©®® For cases in which relatively
“good” standards were available, LA proved to be a reli-
able and accurate chemical analysis procedure. In some
cases, however, internal standardization can be limited
by differences in the ablation behavior of the sample and
the standards, especially when standards are not matrix
matched. For example, elemental fractionation of W rela-
tive to the internal standard Ca was shown to be different
for a scheelite sample and a silicate glass calibration
standard.(®®

Calibration without an internal standard has been
shown to be possible, especially in cases where only trace
level impurities differ among the standards and sample;
the trace impurities do not effect ablation behavior.
Linear calibration curves were established and accurate
trace elemental analysis was demonstrated for U, Au
and Ag,® and glass®® without internal standardization.
In contrast, if the matrix properties change because of
changes in the analyte concentration, the LA behavior is
affected. For example, for the analysis of Zn in brasses,
where Zn is a major element, linear calibration cannot be
achieved, and other signal normalization procedures are
needed for accurate calibration.®”)

When internal standardization procedures are used
for analyte characterization in an unknown sample,
Equation (2) is applied:

M ~M 7IS

CM _ CISIs_a Cst Iit
sa — “sa IS IS M
Isa Cst Ist
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where C is the concentration and [ is the ICP signal
intensity. Subscripts sa and st denote sample and standard
and superscripts M and IS correspond to the unknown
analyte and the internal standard, respectively. This
relationship assumes that the concentration of the internal
standard is known and that fractionation between the
analyte and internal standard is not significant, or is the
same for analyte and standards.

3.5.2 Calibration with Liquid Standards

For many samples, matrix-matched standards will not
be available. In these cases, external calibration can
be performed using nebulization of liquid standards;
a dual sample introduction method can be used to
establish instrumental calibration with a series of standard
solutions. To analyze the unknown sample by LA using
liquid standards, wet ICP plasma conditions must be
maintained.®® However, the use of liquids for calibration
defeats two important advantages of LA and dry ICP:
elimination of isobaric interferences in ICPMS and the
generation of solvent waste.!? In addition, optimum ICP
conditions will not be the same for LA and solution
nebulization. For nebulization, the analyte dries from
liquid droplets to form small particles in the plasma. For
LA sampling, larger dry particles are introduced directly
into the ICP.“*) Atomization and excitation processes
in the ICP are expected to be different for these two cases.
Even if the water content is the same in the ICP, it is still
possible that the excitation characteristics will be different
because of the different vaporization mechanisms for
nebulized solution and laser-ablated particles. On the
other hand, calibration with dried solution aerosol®® or
by direct LA of liquids”*7" does not significantly perturb
dry ICP conditions.

LA of liquids has been shown to be effective for the
analysis of microscopic fluid inclusions in minerals. In this
method, direct ablation of a standard solution was used
for external ICPMS calibration with Na as an internal
standard.”V In another study, instrument calibration
was done by using artificial fluid inclusions prepared by
drawing a standard solution into a microcapillary tube 7?
or with microwells containing aqueous solutions.’

3.5.3 External Standardization

For some samples, internal standardization may not be
a viable option. In such cases, external standardization
must be used to compensate for differences in ablation
of the sample versus the standards. Several external
procedures have been demonstrated to compensate for
changes in the quantity of ablated mass. They include light
scattering,“®7+7>) acoustic emission in the sample1%7.77
or in the ambient medium,7®7® the use of a mass monitor

For references see page eee
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to collect a portion of the laser-ablated aerosol,”” and
the measurement of spectral emission intensity in the
ICP and laser-induced plasma simultaneously.®4+7” An
absolute method to quantify the amount of mass ablated
is to weigh the sample before and after ablation.®”
However, such direct mass measurements are tedious
and may not be accurate because of the small quantity
(<1 pg) of mass ablated for each laser pulse, and because
transport efficiency is not included.®>*) Determination
of mass ablation and transport efficiencies is possible by
collecting particles on a nonporous filter, which is an
indication of the total mass transported to the ICP.

4 APPLICATIONS

Because of the unique properties of the laser, many novel
applications for chemical analysis using the ICP have been
demonstrated. This section presents a brief overview
of applications that would be difficult or impossible to
perform without the use of LA. Most of the applications
utilize ICPMS because of its enhanced sensitivity.

4.1 Environmental and Oceanography

4.1.1 Tree Rings

Spatial patterns in the chemical content of tree rings
can be used as a monitor for changes in atmospheric
conditions, changes in soil chemistry, and the pollution
history of an area. Laser ablation inductively coupled
plasma mass spectrometry (LA/ICPMS) is an excellent
approach to determine chemical content in tree samples
because of the high spatial resolution provided by
the focused laser beam, and the excellent sensitivity
of ICPMS to measure very low detection levels for
many elements.®' =3 Watmough et al.®» obtained the
quantitative multielement analysis of 11 elements in red
maple tree rings; significant changes in these elements
were measured for trees grown in contaminated soils
adjacent to a metal smelter versus trees grown in
unpolluted soils. GarbeSchongberg et al.®» analyzed
pine and birch tree rings from Norway and Russia and
discussed the elemental relationship with the pollution
history of these areas.

4.1.2 Sea Shells

Trace-element fluctuations in sea shells represent envi-
ronmental changes and major pollution events. In the
work of Raith et al.,® the inner to the outer walls of
a shell were analyzed; the elemental changes between
growth bands of the shell showed a history of heavy-
metal pollution over the years. Vander Putten et al.®®
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measured spatial variations of Mg, Mn, Sr, Ba, and Pb in
the calcite layer of Mytilus edulis sea shells.

4.1.3 Airborne Particulates

The analysis of trace elements in airborne particulates
provides unique signature information for monitoring air
quality and air pollution. For example, arsenic, considered
the major “marker element” of air pollution, is one of the
most hazardous anthropogenic air pollutants affecting
humans globally. Traditionally, membrane filters with
small pore size have been used for collecting particulate
samples. The entire filter is then digested and the total
volume analyzed. LA is a perfect alternative for such
analyses; the particulates can be ablated directly from
the filter media. Tanaka et al.®” and Wang et al.®-%9
analyzed airborne particulates for more than 20 major,
minor, and trace elements using this approach.

4.1.4 High-resolution Analysis of Coral

The concentration of trace elements in coral skeletons
can provide information about changes in seawater pro-
perties; calcification in reef-building corals is strongly
affected by environmental factors such as temperature,
light, water motion, and pollution.®" As coral grows, it
secretes a calcareous skeleton into which trace elements
are partitioned from the ambient seawater. Spatial analy-
sis of the coral skeleton allows a detailed investigation of
seasonal composition changes.®>° Compared with the
traditional method of sample milling, with processing and
analysis by solution nebulization, LA/ICPMS provides in
situ analysis of corals with spatial resolution less than
20 um. Sinclair et al.®? analyzed corals collected from
Australia and showed that the elements B, Mg, Sr, and U
exhibited seasonal variations, as shown in Figure 7. These
fluctuations coincided with the changes of sea-surface
temperature.

4.2 Geochemistry and Cosmochemistry

4.2.1 Uranium—Lead Geochronology

Zircon U—Pb geochronology is one of the principal dating
tools used in the earth sciences; ages are calculated by
measuring 2%°Pb/28U, 27Pb/>* U, and 2Y’Pb/>"Pb ratios.
The conventional method for U—Pb isotopic analysis
has been by thermal ionization mass spectrometry
(TIMS) with chemical separation. However, very low
blank values are required and the data represent the
“average” of the bulk grains. LA/ICPMS has the ability
to perform spatially resolved in situ analysis of U—Pb
isotopic compositions in zircons and similar minerals.
Several groups®*~?7 have studied zircon and monazite
samples using LA/ICPMS. Most of these studies only
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Figure 7 Trace element and sea surface temperature (SST) profiles for coral from Australia’s Great Barrier Reef. Colored lines
represent an average of three trace element profiles taken over the same coral track. Black lines are the instrumental SST data
taken from the weather station. B, Mg, Sr, and U all display clear seasonal variation. Ba does not show a seasonality but displays a
marked enrichment in the tissue zone. (Figure reproduced from original data with permission by Dr Daniel J. Sinclair®?.)

show 2Y7Pb/?Pb data and a few include the 2°°Pb/>¥U
ratio, because of a fractionation problem. Without the
206pb/28U ratio, the analysis cannot be extended to
“young” (<600 Ma) zircon dating. In order to minimize
Pb—U fractionation, methods such as active focusing,
line scanning, and soft ablation (increasing the laser
power when ablation is progressing) were attempted.
Solving Pb—U fractionation is necessary to the success of
LA/ICPMS for this application.

4.2.2 Inclusion Analysis

Microscopicinclusions in minerals contain direct evidence
of the composition of fluids associated with large-scale
material transport in the Earth’s interior. Quantitative
knowledge of the elements and isotopic composition of
these fluid inclusions is a prerequisite for understanding

and modeling fluid—rock interactions. Detailed chemical
information is difficult to obtain because of the very
small size of these inclusions (typically 101 -107? g).7?
Crush-leach analysis or bulk analysis of quartz containing
fluid inclusions can provide concentration ratios averaged
over many inclusions, but most samples contain multiple
generations of fluid inclusions of different compositions.
LA/ICPMS for the analysis of individual microscopic
inclusion has, therefore, received considerable attention.
Good quantitative results have been published mainly for
synthetic fluid inclusions,7> where a heavy trace ele-
ment of a known concentration (e.g. Sr, U) was added as
an internal standard. Giinther et al.”” reported a method
for measuring complex polyphase inclusions using a step-
wise opening procedure. A series of inclusions represent-
ing the fluid before, during, and after the deposition of cas-
siterite (SnOy,) in a tin deposit in Australia were analyzed
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by this method; physical and chemical mechanisms of ore
precipitation were proposed based on these data.®”

4.2.3 Precise In Situ Analysis of Hafnium, Tungsten,
Strontium, Lead, and Osmium Isotopes

Many elements are of significant interest for isotope
geochemistry and need to be measured at trace levels with
excellent precision. Multiple collector inductively coupled
plasma mass spectrometry (MC/ICPMS) with a magnetic
sector is anew technology for the measurement of isotopic
compositions with very high precision. It is particularly
suited for elements with high first ionization potentials
such as Hf, W, and Os, which cannot be measured
with good precision using conventional TIMS. Combined
with LA sampling, in situ isotopic measurements at the
microscopic scale are possible. Although this technology
is still in its infancy, diverse applications have already led
to a number of important scientific developments.1%

The initial Hf isotopic composition is more reliable
than initial Nd as a geochemical tracer owing to the
immobility of Hf. The Hf isotopic composition in zir-
con samples was analyzed by Thirlwall and Walder.1%)
In low-temperature geochemistry, Hf isotopes may pro-
vide the most reliable and sensitive isotopic proxy for
hydrothermal activity in the ocean. The Hf isotopic com-
positions in iron—-manganese nodules and crusts were
studied by Godfrey et al.!%? and the data reflected the
concomitant growth from seawater and pore fluids. There
is strong interest in measuring W and Hf isotopic com-
positions with high precision using LA with MC/ICPMS.
The 2Hf—!82W system is a method for constraining
timescales of accretion and metal—silicate differentiation
in planets; the age of the Earth’s core, the moon, and Mars
have been measured using this new chronometer.1%

Sr and Pb isotopic compositions are significant for
geochemistry and oceanography research. Analysis of
these elements traditionally requires complicated chemi-
cal separation procedures. LA with MC/ICPMS provided
accurate and precise measurement of Sr/%Sr isotopic
ratios in geological materials.'®® Pb isotopic composi-
tions in a ferromanganese crust from the Pacific ocean
were analyzed by Christensen et al.'% and the authors
concluded that the Pb isotopic data could be used to
probe climate-driven changes in ocean circulation. Ana-
lysis of Os isotopic ratios for iridosmine samples was
reported using LA with MC/ICPMS.1% The mineral
iridosmine has been used for the definition of the Os
isotopic evolution of the mantle.

4.2.4 Bulk and Microbeam Analysis of Rocks and
Minerals

Bulk and spatial analyses of rocks and minerals for
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elemental and isotopic compositions can provide funda-
mental information to help solve diverse geological and
environmental problems. The application of LA/ICPMS
for the analysis of whole-rock geological samples, such as
pressed power pellets and lithium metaborate fusions, has
been described by several authors.1%197) In most of these
studies, the measurement of rare-earth elements (Zr, Hf,
U, Th, Sr Rb, Ba, Nb, Ta) was emphasized. LA/ICPMS
was also used to determine the platinum group elements
(Ru, Rh, Pd, Os, Ir and Pt) and gold, which have very
low natural abundance but great economic and geological
importance.1%®

The spatially resolved analysis of elements within
minerals provides crystal-growth information and the
variation in the physical and chemical nature of envi-
ronments in which they grew. LA/ICPMS analysis, either
on a single mineral grain or on a thin section, can pro-
vide such information. LA/ICPMS analyses of minerals
such as calcite, zircon, olivine, plagioclase, feldspar, titan-
ite, apatite, clinopyroxence, amphibole, and garnet have
been reported.1-11D

4.3 Forensics and Authentication

4.3.1 Authentication of Antique Objects

Chemical analysis is an excellent approach for verifying
the authenticity of valuable artifacts. Obviously, the
analytical method for authenticity verification of precious
antiques should be either nondestructive or require
extremely small sample quantities. Using LA/ICPMS,
visible damage can be restricted to an acceptable
minimum. Such studies were reported by Devos et al.,11?)
in which a specially designed sample chamber was used,
and almost invisible 100-um craters were produced on
antique silver objects. The elements Zn, Cd, Sn, Sb, Au,
Pb, and Bi were measured, and their contents were used
to distinguish forgery in silver antiques. Similar studies
were reported by Wanner et al.M® for trace element
analyses of archaeological samples such as ancient coins,
various antique silver items, and ancient iron. Owing to
surface roughness of the samples, an autofocus system
was used to achieve reproducible ablation conditions.
In these experiments, a lateral resolution of 50 ym and
absolute detection limits of 1-1.4 pg were achieved.

4.3.2 Fingerprinting Crime Scene Evidence

Many criminal activities result in the generation of
debris or other materials, which become available to
investigating authorities as physical evidence of the crime.
However, the generation of traditional analytical and
forensic chemical data is often costly and time-consuming.
LA/ICPMS offers the potential for producing fast,
definitive, and cost-effective forensic chemical analysis for
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use in identifying physical evidence that relates a suspect
to the scene of a crime. Watling et al.'!¥ examined
several kinds of glass and steel samples as physical
evidence of a crime. They developed software to facilitate
an intercomparison of three elements simultaneously
(ternary plots) for large groups of samples. This approach
established both the reproducibility of the ““fingerprint”
and the uniqueness of interelement associations. A
similar idea was used to source the provenance of
cannabis. Certain elements from a specific area or
geological environment characterize uniquely the source
of the plant. Watling™> showed the trace element
association ‘“fingerprint” patterns of cannabis crops and
the potential tracing of these crops to specific geological
environments. The association of elements formed the
basis for determining the provenance of cannabis crops
and samples recovered during police drug raids.

4.4 Waste-sample Analysis

LA has many advantages when used to analyze radio-
logical contaminated samples. For example, organic
solvents or concentrated acids that are required for
classical separation procedures will not be needed for LA
sampling. Also, with LA, much less total sample (<1 pg)
will be required, greatly reducing the risks associated
with sample handling and contamination, and personnel
exposure. Finally, elemental and isotopic analysis can
be obtained entirely within a hot cell environment,
further reducing the risk of contamination.''® High-level
waste analysis using LA/ICPMS was detailed by Smith
etal.M? A unique LA facility has been established in
a hot cell environment at the Hanford Site for direct
characterization of tank waste samples. Applications of
LA and high-resolution ICPAES in the nuclear industry,

CCD camera
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especially high-resolution isotopic analysis of U and
determination of lanthanides, were reported by Giglio
et al. 1% and Zamzow et al.1®

S NON-INDUCTIVELY COUPLED PLASMA
APPLICATIONS

There are many LA applications that do not rely
on particle digestion by an analytical source (ICP,
flame, etc.), but instead directly measure the ablated
atomic mass. Laser-induced breakdown spectroscopy
(LIBS), described in more detail in the article Laser-
induced Breakdown Spectroscopy, involves monitoring
spectroscopic emission intensity directly in the laser
plume. Other applications involve direct MS detection of
the ablated mass, with and without secondary ionization,
e.g. resonance ionization mass spectrometry (RIMS) and
matrix-assisted laser desorption/ionization (MALDI).
It would be impossible to discuss these numerous
applications without doubling the length of this article.
Instead, one particular technique employed by our
research group is presented.

5.1 Laser Ablation Ion-storage Time-of-flight Mass
Spectrometry

A new technique for single particle analysis was devel-
oped that uses ion-trap and TOF mass spectrometers.
Commercial LA systems with imaging capabilities involve
a chamber in which the ablated mass is entrained into a
gas stream and transported to the analytical source by
several meters of tubing, thereby diluting the mass vapor
and influencing detection sensitivity. For single-particle
analysis, excellent sensitivity must be available because of

Sample
probe

]
]

Beam
steering optic | |

Figure 8 Schematic diagram of ion-trap TOF mass spectrometer with imaging capabilities. The system was designed such that a
pulsed Nd: YAG laser beam could ablate a selected sample inside the ion trap mass spectrometer.
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the limited absolute mass from a micrometer-sized parti-
cle. To overcome the dilution and sensitivity limitations,
an instrument was developed using LA inside an ion-
storage time-of-flight mass spectrometry (IS/TOFMS)
system with an imaging camera to observe, select, vapor-
ize, ionize, and analyze individual particles or spatial
locations on a solid surface.

An ion trap was designed such that a pulsed Nd: YAG
laser beam could ablate a sample affixed to a probe
inserted radially through the ring electrode (Figure 8).
Once the particle is selected using the imaging system, it
is directly ablated/ionized by the laser beam. A primary
advantage of this system is that the ions are generated
directly inside the ion trap. The ion trap is not used as the
mass spectrometer, because space-charge effects would
critically influence the mass resolution. Instead, the ion
trap is used only as a storage device and the TOF performs
the MS. In this way, space charging is significantly
reduced except in cases when using extremely high laser
fluence, which is not necessary for excellent sensitivity.
In preliminary experiments, trace contaminants of Ag,

(b)

Figure 9 Images of the laser-induced craters in (a) hair and
(b) alloy samples.
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Sn, and Sb were measured in a Pb target with a single
laser shot. Reproducible spectra could be measured with
only approximately 10pJ of laser energy. The laser-
beam focusing system provided a spatial resolution of
approximately 12 yum, with imaging capability to guide
the laser beam to a specific location on the sample.
The photographs in Figure 9(a) and (b) shows images
of the laser-induced craters in hair and alloy samples,
respectively.

6 PERSPECTIVES AND FUTURE TRENDS

LA and atomic spectroscopy have become a mature part-
nership providing significant benefits to both techniques.
On the one hand, LA provides the best method for directly
converting a solid-phase sample into gas-phase con-
stituents. On the other hand, atomic spectroscopy brings
to the relationship a powerful method for understand-
ing the fundamental mechanisms of ablation processes.
For atomic spectroscopy, the relationship is continuing
to flourish, as can be seen by the increasing number of
applications, number of published papers and confer-
ence symposia, and new commercial systems. This article
has primarily addressed LA as a sampling technique
for atomic spectroscopy. There are numerous papers in
the literature in which atomic spectroscopy is used to
study the fundamental behavior of ablation processes; an
example is the work by Bushaw and Alexander using
high-resolution time-resolved atomic absorption spec-
troscopy for the investigation of LA plume dynamics.!®)
A literature search using the two keywords ‘“laser”
and ‘‘ablation” provided approximately 2500 published
papers in the Current Contents database, increasing con-
tinuously from 1990 to the present. Interest in LA
continues to flourish because of applications in atomic
spectroscopy, and also medical, semiconductor, materi-
als, and other areas. When matrix-matched standards
are available, LA is an ideal quantitative method with
excellent accuracy and precision. In cases when matrix-
matched standards are not available, LA with atomic
spectroscopy is suitable for semiquantitative analysis.
Further development of LA and its maturation into
an accurate and precise sampling technique for atomic
spectroscopy will occur through understanding of fun-
damental processes and the means to control them. The
benefits of LA sampling and atomic spectroscopy warrant
success.
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PDA Photodiode Array
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Spectrometry
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